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morphologic characteristics of collagen fibers are 
better studied in spread preparations than in his- 
tologic sections. Mesentery is frequently used for 
this purpose, for when spread on a slide, it is suffi- 
ciently thin to be stained and examined under the 

' microscope. Mesentery is composed of a central 
portion of connective tissue lined on both surfaces 
by a simple squamous epithelium, the mesothe- 

' Hum. The collagen fibers in a spread preparation 
appear as elongated and tortuous cylindric struc- 
tures. Their endings merge with other components 
of the tissue and cannot be seen. The diameter of 
collagen fibers varies from 1-20 /xm (Fig 5-1). 
These fibers are longitudinally striated and are 
composed of fibrils with a diameter of 0.2-0.5 ^tm. 
The diameter of the fibers depends on the number 
of fibrils they contain. 

The electron microscope also shows that each 
fibril is made up of finer filaments whose dimen- 
sions cannot be resolved by the light microscope. 
Collagen fibrils present a characteristic cross- 
banding with a periodicity of 64 nm (Fig 5-2). Each 
fibril presents a sequence of dark and light bands. 
The dark bands retain more of the stain used in 
electron microscopic studies because they have 
more free chemical radicals than the light bands 
(Fig 5-3). In addition to the typical 64-nm banding 
fibrils, collagen fibrils with a periodicity of approx- 
imately 250 nm exist in the connective tissue of the 
eye and in the cartilage of elderly people. These 
fibrils are called fibrous long space collagen. 

Seen in the light microscope, collagen fibers 
are acidophilic; they stain pink with eosin, blue with 
Mallory's trichrome stain, and green with Masson's 
trichrome stain. 

The principal amino acids composing collagen 



are glycine (33.5%), proline (12%), and hy- 
droxyproline (10%). The remainder is made up of 
other amino acids, although it is interesting to note 
that collagen is very low in sulfated amino acids and 
in tyrosine. It is the only protein containing an 
appreciable amount of hydroxyproline. (Elastin is 
the only other substance that contains hy- 
droxyproline. although in very small quantities.) 
The amount of collagen in a tissue can therefore be 
determined by measurement of the hydroxyproline 
content. Another amiiio acid unique to collagen is 
hydroxylysine. Collagen is the most abundant pro- 
tein of the human body, representing 30% of total 
body proteins. 

The protein subunit that polymerizes to form 
collagen fibrils is an elongated molecule called 
tropocollagen, which measures 280 nm in length 
and 1.5 nm in width. Tropocollagen consists of 3 
polypeptide chains (Fig 5^). In type I collagen, 2 of 
these peptide chains are alike (alpha-1) and differ 
from 5ie third (alpha-2) in their amino acid se- 
quence. The ti*opocoUagen molecule is asymmetric, 
ie, each end has a different chemical composition. 
These molecules are the building blocks from which 
fibrils are formed. The transverse striation of the 
collagen fibrils is determined by the overlapping 
arrangement of the subunit tropocollagen 
molecules (Fig 5-3). 

More detailed studies on the chemical struc- 
ture of collagen have revealed that the amino acid 
composition of the alpha-1 chain varies according to 
its location in the body. The most widespread colla- 
gen, knownn as type I, consists of 2 alpha-1 (type I) 
chains and one alpha-2 chain. This collagen appears 
in the dermis of the skin, tendons, bone, teeth, and 
virtually all other connective tissues. Type II colla- 
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Figure 5-3. • Schematic drawing of Collagen fibrils, fibers, and bundles. In collagen bundles, the fibers are bound together by 
a cementing substance. Under the electron microscope, the fibrils show periodicity of dark and light bands. This periodicity is 
explained by the overlapping arrangement of rodlike tropocollagen subunits, each measuring 280 nm. It is thought that 
k tropocollagen molecules are organized in a step-wise arrangement that produces lacunar and overlapping regions. Lacunar 
t regions contain more stain (uranyl acetate, phosphotungstic acid) and appear dark. 
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L INTRODUCTION 

Collagen derived from bovine hide has been used as a biomaterial for nearly two dec- 
ades.*^ In most. applications, collagen is formed into solid articles, such as tubes, sheets, 
and threads. These are designed for use as blood vessels, bum dressings, and sutures.*-^ 
Recently, however, collagen has also been prepared in a fluid form^' and used to correct 
contour deficiencies of the dermis, soften dermal scars, and augment lesions of the 
esophageal sphincter*^ and vocal cord.*^ Because it is a fluid, the collagen can be delivered 
to the site by injection. This mode of delivery is preferable to invasive surgical techniques, 
and the treatment can be done on an out-patient basis. Once in situ, the physical requirements 
for such implant materials change. It is no longer desirable that they be fluid. Instead, they 
should be elastic solids that remain at the site of placement and yield to applied stresses in 
a manner similar to surrounding tissue. Fortunately, the viscoelastic behavior of aqueous 
suspensions of fibrillar collagen spans both fluid and solid domains, and the transition from 
one domain to the other can be controlled in part by the level of imposed stress. Another 
important control parameter is temperature; when prepared in the appropriate form, the 
fluidity of fibrillar collagen suspensions can be decreased significantly by elevating the 
temperature. It is one of the goals of this chapter to describe these properties in detail and 
relate them to the underlying molecular structure. 

In addition to fulfilling the physical requirements mentioned above, a successful implant 
must also be biocompatible. It should not induce a foreign body response, nor should it be 
highly immunogenic. An ideal implant may also permit colonization by normal connective 
tissue cells and even promote deposition of new host connective tissue. In terms of duration, 
a permanent implant may be desired for some indications. However, if the implant does not 
age in the same manner as the surrounding tissue, or if other long-term changes occur, a 
gradual decline in implant volume may be preferred with periodic reimplantation, if appro- 
priate. The relationship pf collagen implant chemistry and fiber morphology to these aspects 
of biocompatibility will be considered in this chapter. 

n. CHARACTERIZATION OF INJECTABLE COLLAGEN 

A. Preparation of ZYDERM® Collagen Implant (ZCI) 

2/21 is a sterile suspension of bovine fibrillar collagen in 0,02 M sodium phosphate, 0. 13 
M sodium chloride, and 0.3% lidocaine, pH 7.2. The fibrils are precipitated from a soluble 
collagen intermediate (SCI), harvested, and resuspended in the final buffer at two protein 
concentrations: 35 ± 5 and 65 ± 5 mg/m^.* SCI is isolated from bovine corium: the hide 
is softened, depilated, and then comminuted and pepsin digested. Tlie solution is then purified 
and concentrated to form a 3 mg/m€ solution of telopeptide-poor bovine collagen in dilute 
aqueous HCl, pH 2.* 

B. Other Injectable Forms of Collagen 

There are references in the literature to potentially injectable forms of collagen, which 
are not fibrillar. Miyata et al.** have prepared methylated and succinylated collagen, which 
can be precipitated at pH 9 and 4, respectively. When such precipitates are taken to pH 7 
to 8, they "redissolve" to form transparent, viscous, gel-like materials. Bruns and Gross** 
subjected dilute acidic collagen solutions to high-speed centriftigation, again yielding a 
concentrated, viscous gel or fluid. This latter material is not at physiological pH, and would 
require addition of inhibitors of fibrillogenesis, such as arginine, to maintain the nonfibrillar 
state when adjusted to pH 6 to 8. Neither of these materials has been specifically recom- 
mended as a tissue implant, but both appear to possess the requisite physical characteristics 
for such em application. There is clear collagen solution at 20 mg/m^ of undisclosed com- 
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FIGURE 1. SDS polyaciylamidc gel electrophoresis of the pepsin-solubilizcd 
bovine conum collagen soluble collagen intennediate, (SCI), Electrophoresis was 
perfonned according to the method of Laemmli" as modified by Studier" em- 
ploying a 4% stacking gel and a 4 to 15% gradient separation gel. Lane I 4 ag 
of SCI subjected to electrophoresis under nonrcducing conditions; lane 2 4 itg 
mriP, ^"^'^"^^^ electrophoresis under interrupted reducing conditions (iee al 
[Ul]); lane 3, 4. of SCI which had been preincubatcd with bacterial collagenase 
(Type ni. Advance Biofactures Corp.. Lynbrook, N.Y.) at concentrations of 0 5 
mg/m€ and 82.5 units/m€, respectively, for 37^C for 4 hr and then subjected to 
elwnrophoresis under nonrcducing conditions; lane 4. ZCI resolubilizcd in acid 
and tested as m lane I (electrophoresis of this sample was carried out in a separate 
experiment). (From McPherson. J. M. et al.. Collagen ReL Res., 5 1 19 1985 
With permission.) ... 

position sold for human use in some countries under the name Koken® AtelocoUagen (Koken 
unknown P^^°""^"<=« t^ese materials relative to fibrillar implants is 



C. Characterization of ZCI: The Solubihzed Form, SCI 

The purity of the highly purified, pepsin-solubilized. SCI has been demonstrated by 
collagenase d^esUon (Advance Biofactures Type Ul. Lynbrook. N.Y.) and examination by 
SDS polyacrylamide gel electrophoresis in conjunction with a highly sensiUve silver staining 
SJrrf , ^ T"^ /)■ Electrophoretic analysis-- of this material after denaturation indi 
cates that u is largely Type I collagen and contains less than 5% Type HI collagen (Figure 
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FIGURE 2. Melting curve of resolubilized ZCI. ZCI was dialyzcd overnight at 4*C 
against 5 mM acetic acid to give a clear solution and diluted to 1 to 2 mg of protein per 
milliliter with 5 mM acetic acid. The thermal denaturation curve was recorded at 589 nm 
in a polarimeter (JASCO model DIP- 1 40) equipped with a water-jacketed cell. The cell 
was connected to a water bath which was programmed to scan from. 22 to 52*'C at 0.4''G/ 
min. The actual sample temperature was corrected, if necessary, by measurements made 
by a thermocouple mounted in the cell. At the beginning of each experiment, the specific 
rotation, [aJjM. was set to -400*'C. This value for [aJsj, of native collagen was the 
average observed for pepsinized bovine corium and rat tail tendon collagens whose 
concentrations had been determined by amino acid analysis. (From McPherson, J. M. et 
al.. Collagen Rel. Res,, 5, 119, 1985 With permission.) 

1). This analysis also shows that the starting material contains ot, P, and 7 components as 
well as higher aggregates. Fragments smaller than a chains represent approximately 5% of 
the total collagen as judged by scans of the SDS gels. Amino acid analysis of the collagen 
shows two residues of tyrosine per thousand residues, indicating 50 to 70% removal of 
telopeptides.*** Most of the remaining tyrosine is presumably present in peptide fragments, 
derived from the nonhelical. telopeptide ends of the a chains that are still attached to the 
helical body of another molecule through lysine-derived covalent cross-links. Transmission 
electron microscopy, utilizing the rotary shadowing technique,^" reveals that the polydis- 
persity of bovine pepsin-treated collagen in acidic solution is approximately 80% monomeric 
and 13% dimeric, with some, higher aggregates.^* The remaining 7% consists of shortened 
fragments, which appear to be bimodal in size distribution, half being about one fourth and 
half being about three fourths the length of the native rod.=" After precipitation in 0.02 M 
sodium phosphate at 17°C, and redissolution in acid, the content of fragments can be reduced 
to less than 0.5%^'*^^ Heat denaturation experiments, using polarimetiy^ (see Figure 2), 
also show evidence for small amounts of nicked or fragmented helices. 

D. Fibrillar Structure 

Transmission electron microscopy reveals that ZCI is a highly polydisperse mixture of 
fibrils. The smallest fibrils are 5 to 10 nm in diameter, at least several microns in length, 
and make up approximately 90% (number frequency) of all fibrils. Intermediate diameter 
fibrils (about 50 nm in diameter) and large, banded fibrils (about 100 nm in diameter) make 
up the remainder and are more or less scattered throughout the mixture (Hgure 3).^ Fibril 
size distributions estimated fvom electron micrographs must be considered approximate, 
since fixation techniques may encourage fibril disassembly or obscure the smallest fibril 
classes. The mean fibril size in these preparations is much smaller than that usually reported 
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S°cSyL ^^^"mT^l^ r '""""^ "^"""^ " 2% glucanUdchyde in 0.2 

/w cacoayiaie Duner, pH 7.3 at 4'*C. Samples were washed and postfixed in 1% OsO for I'/ hr rr^r^ 

prepare!. Bar - 400 mn. (From McPhenon. J. M. ct al.. Co/toj„ ^rf. 5. 1 19, 1985. WiU, pemu^ioH 
in the literature, even for pepsin solubilized collagen.^^-^ This is presumably due to the fact 
fibrilf ^ " " ''"'^^^ disassembly of the initially precipitated 

"^'^''^^ ^^^^ '^^^'"^ "y differential scanning 
calonme^ pSC).« Figure 4 presents the denaturation pattern of ZCI when heated at WC/ 
mm. Multiple denaturational transitions are observed at about 39 44 50 53 and 57'»C 
Deconyolution of traces is required to reveal the weaker endothenns at 39. 5o'. and STC 
Control tests at different heating rates and protein concentrations show that the multiple 
endothenns are characteristic of the material itself and not due to experimental artifacts It 
IS no eworthy that immediately upon precipitation at ITC in 0.02 M sodium phosphate, the 
a^T" '^"P^" ^""^'^'^ « monodispcrse pattern by DSC (T„ near 53°C).^ but when salt is 
added and the sample is stored at 5°C. then the polydisperse pattern in DSC develops 

It has teen proposed^ that the heterogeneity seen by DSC of ZCI is due to sequential 
melung of d.stmct classes of fibrils, each with its own characteristic melting temperature 
CI J. Three mechanisms that may play a role in stabilizing such distinct fibril classes are 
(I) variations in the level of intrafibril cross-linking (more cross-linked fibrils have higher 
1„ values) (2) fibrillar packing order, and (3) surface energy effects as a function of fibril 
diameter (larger diameter fibrils have higher T„ values). The latter mechanism has been 



